We have studied the effects of propofol, as the sole agent, at blood concentrations of 1-10 g ml
, on the first 100 ms of the auditory evoked response (AER) in 41 women before gynaecological surgery. AER were recorded with the patients awake and then after 30 min of one of seven stepped infusion regimens. Each patient was studied at only one blood concentration. The recordings were edited and processed off-line by coherent signal averaging, to obtain reliable estimates of each AER. We measured standard features, such as amplitudes and latencies of brainstem wave V and the mid-latency waves Na, Pa and Nb. In addition, we studied several composite indices, intended to give a more global characterization of the AER. We derived relationships between the doses and blood concentrations of propofol, features of the AER and response to eyelash stimulus and venepuncture. Nb latency was better than either concentration or dose rate of propofol in providing a confident explanation of the likelihood of eyelash response (which parallels the response to command). A cut-off value of 53 ms had a sensitivity of 100%, a specificity of 96% and an overall correctness of 98% as a discriminator of eyelash response vs no response. Several alternative AER-derived indices provided more than 90% correctness in discrimination, as did a dose rate of propofol of 6.3-7.8 mg kg Graded changes in the auditory evoked response (AER) occur as concentrations of anaesthetic agents are altered, mainly in the mid-latency waves (15-80 ms). 1 Brainstem components are said to be unchanged by anaesthetics, while later components (980 ms) are probably too affected by mental activity 2 3 to allow the effects of anaesthetics to be discerned accurately. Several workers have tried to demonstrate loss of implicit/explicit memory during anaesthesia, correlating it with the AER, but results so far are inconclusive. 4 5 Previous studies of AER during anaesthesia have included the effects of several drugs in combination [6] [7] [8] [9] and have been limited to small numbers of patients (i.e. 6-10 patients) or short exposure times that may not have allowed steady states to be established in brain or blood. Forrest and colleagues 10 found that the changes in the electroencephalogram (EEG) were unstable during the first 10-15 min of a targeted propofol infusion regimen. Only after 20 min did a steady neurophysiological state emerge. In this study we used propofol as a sole agent in patients free from surgical stimulation. We attempted to determine how the shape of the transient AER varied with a range of stable blood concentrations. The responsiveness of patients to standardized stimuli was assessed. Each patient was subjected to only one concentration of propofol.
Patients and methods
With approval from the local research Ethics Committee and written informed consent, we studied 41 healthy women, ASA I or II, median age 40 (range 25-71) yr. The patients were undergoing elective gynaecological surgery and receiving no medication other than hormone replacement therapy or oral contraceptives. We attached two sets of bipolar silver-silver chloride electrodes in a conventional configuration. 11 One set was placed on the vertex (positive) and 2 cm above the inion (negative), and the other on the vertex (positive) and the earlobe (negative), with the forehead as reference. We applied them in the ward and ensured stable impedances below 5 k⍀. In the anaesthetic room we sited an i.v. cannula and started routine clinical monitoring with ECG, non-invasive arterial pressure measurement and pulse oximetry.
We made a set of baseline AER recordings (see below) with patients awake and relaxed, with eyes lightly closed. Patients then received propofol from a calibrated infusion pump (Graseby 3400 series) according to one of seven different manually controlled infusion schemes (table 1) . These were intended to achieve and maintain a range of stable blood concentrations of propofol 12 between 1.0 and 10.0 g ml
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, with corresponding states of responsiveness between light sedation and deep unconsciousness. 13 The infusions were allocated openly and sequentially in blocks of seven (i.e. first patient to group 1, second patient to group 2, ... seventh patient to group 7, eight patient to group 1, etc.). Patients breathed spontaneously. Sedated patients received oxygen 4 litre min 91 through a Hudson mask. Anaesthetized patients received 40% oxygen from an entrainment T-piece via a laryngeal mask airway.
We made repeat recordings of AER at 10, 20 and 30 min after the start of the propofol infusion. Only recordings at 30 min were considered for this study. Immediately after the 30-min recordings, we recorded each patient's responses to the instruction "open your eyes", stroking an eyelash and venepuncture. We obtained venous blood samples from the contralateral arm to the infusion, which were stored in oxalate tubes for subsequent assay by high pressure liquid chromatography (HPLC).
14 This had a coefficient of variation of 7.3% at a propofol concentration of 2.0 g ml
. The laboratory staff were unaware of the dose regimen. Anaesthesia for surgery was then provided by the anaesthetist covering the operating list.
AER RECORDING EQUIPMENT
We used an 80486 computer (Elonex plc, London, UK) to control two signal processing microprocessors (CED 1401 plus, Cambridge Electronic Design Ltd, Cambridge, UK), one as a flexible auditory stimulator and the other for data acquisition. The stimulator unit contained software (AUDPLUS, Cambridge Electronic Design) that allowed preprogramming of the qualitative and quantitative characteristics of the stimuli. These were delivered from a fixed-gain buffer amplifier via insert headphones at amplitudes 80 dB above the normal hearing threshold. Each set of recordings contained the responses to 500 bursts of a 2-kHz tone of 5 ms duration, followed by 500 rarefaction clicks of 0.5 ms duration.
We recorded a "sweep" of raw EEG data lasting 128 ms after each stimulus on a high quality, patientisolated EEG amplifier (CED 1902 Off-line processing of each sweep consisted of iterative loops of editing and coherent averaging (to obtain the most reliable estimate of the AER) followed by feature extraction from the best estimate. Editing was done semi-automatically using custom-designed signal processing software (SPIKE 2 language, Cambridge Electronic Design). Additionally, all sweeps were digitally filtered by a 15-Hz high-pass filter to remove low frequency EEG.
Editing and coherent averaging
Coherent averaging is a signal processing strategy for extracting a small response from a background of random overwhelming noise in sweeps of recorded signals after a repeated stimulus. As a running average is obtained of the values of a signal after each stimulus, the positive and negative deflections of the noise (background EEG activity, muscle activity, 50 Hz from mains, etc.) should cancel each other out. However, the consistent deflections produced by a contained response should reinforce one another ever more strongly as successive sweeps contribute to the average. This method fails if there are major incidents that rise above ordinary noise. These could distort the final AER or make it totally incorrect. Our previous unstimulated EEG studies during propofol anaesthesia 10 taught us that such incidents were liable to occur. These included movement artefacts in unanaesthetized patients, ECG spikes and spontaneous "burst" activity in patients receiving higher concentrations of propofol ( fig. 1 ). Some patients also showed time-locked myogenic responses to auditory stimulation. Many of these incidents in the EEG have frequency contents so close to the important frequencies in the AER that it is not feasible to remove them by filtering. Editing is a reasonable alternative. We identified these incidents by the program, producing compressed time displays of three features of the EEG during the 500 sweeps of recording: the first simply showed the maximum amplitude (used for rejecting noise spikes), the second the integral of the rectified waveform (used for rejecting high propofol concentration effects) and the third the maximum differential value of the waveform (used for rejecting ECG signals). Thresholds were determined by inspection to differentiate the normal background activity from incidental transients of unwanted data. A coherent average was then made using those sweeps that were below the chosen thresholds. The others were rejected. The quality of the resulting average was checked by examining the width of the confidence limits that contained the best estimate of the time course of the AER. The best estimate, with that edition of sweeps, was compared with the estimates produced from the first and second half of the file of edited sweeps. Its shape was also compared with that of the best estimate produced by the tone stimuli. A further test of the editing and data-processing was that the coherent average of a similarly edited batch of 500 sweeps of the contemporaneous background EEG, with no auditory stimulus, should show a flat trace. Failure to achieve a confident estimate of the AER by any of the above criteria required the cycle of editing and coherent averaging to be repeated until a satisfactory estimate was obtained. Otherwise the analysis was abandoned and the information discarded. The final satisfactory estimates of the AER were stored as separate files.
Feature extraction from the best estimates of the AER
The simple features that were extracted consisted of amplitudes (measured from the preceding peak or trough) and latencies (from the stimulus) of the peaks or troughs of the conventionally labelled components of the AER (brainstem wave V, Na, Pa, Nb). These were measured by applying cursors to the screen display of each satisfactory estimate of the AER. Several empirically devised composite measures of the complete AER wave were also recorded, including: (i) integral of the rectified waveform between 15 and 70 ms (summation index); (ii) integral of the rectified smoothed differential of the waveform between 20 and 70 ms (differential index); (iii) reciprocal of the difference between Na and Nb latencies (basic frequency index); (iv) index of the superimposability of each waveform on that of the grand average of several patients' baseline (awake) AER waveforms (amplitude, at each time, of the AER waveform under investigation was multiplied by the corresponding amplitude of the grand average, and the successive product terms were summed over the first 50 ms).
STATISTICAL ANALYSES
The groups were not randomly allocated, and therefore we used analysis of variance to examine for bias in ages, weights and baseline arterial pressures: we also examined the haemodynamic effects of the different doses of propofol, 30 min after the start of the infusions. Relationships between dose and concentration, and between concentration and the values of the features extracted from the AER, were determined by non-linear curve-fitting programs (Sigma Plot for windows 5, Jandel Scientific, Erkrath, FRG and Unistat for windows). A stepwise multiple logistic regression (LOGIST, SAS version 6, for windows. SAS institute Inc, Cary, NC, USA) was used to identify explanators of the patient's responses to eyelash and venepuncture. The conventional AER amplitudes and latencies and the composite indices were offered as potential explanators, together with the dose and concentration of propofol. The LOGIST procedure can output sensitivity, selectivity and correctness if different cut-off probabilities are used to classify responses as present or absent. Data on verbal response were not examined formally. They could be inaccurate because the insert headphones interfered unpredictably with hearing through normal channels. However, the responses achieved were virtually superimposable on the eyelash responses, as in our other studies. 10 13 A probit analysis (SAS for windows version 6, SAS Institute, Cary NC, USA) was used in addition, to estimate (with confidence limits) the values of the single and composite AER features and the doses and concentrations of propofol that corresponded to 50% and 95% probability of no response.
Results
There were no significant differences between the seven groups in age, weight or arterial pressure, either at baseline or after 30 min of infusion.
SAMPLING AND EDITING OF AER
For the period of propofol infusion, data from six patients could not be included in the analysis: two coughed uncontrollably on the allocated dose of propofol (groups 3 and 4); two produced timelocked myogenic responses that overwhelmed the AER estimate; in one patient, the coherent average of the unstimulated EEG did not tend to zero; the EEG from the last patient was too heavily contaminated with artefact to provide a confident estimate of the AER. Therefore, there were 35 estimates remaining after 30 min of propofol infusion. In these 35 patients, only 16 estimates were obtained of awake AER. The estimates that were made required a variable amount of editing to exclude incidents and artefacts from the coherent average. Figure 1 is an example of a compressed time display of the first 150 sweeps in a set of 500, and shows what can happen at the infusion rates of propofol that produce blood concentrations of more than 3 g ml
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. Periodic increases in amplitude are reminiscent of the spindling in burst suppression, but the increases are much greater and the contained frequencies (indicated in the insert of a single sweep) are higher, overlapping with the principal frequencies in the AER. Features similar to this appear in the presence or absence of auditory stimulation and necessitated the editing described in the methods. Figure 2 shows four example AER from three patients, illustrating qualitatively the progression from awake (AEP 1) through to the effects of three dose rates of propofol that span the range used in this study. It shows the reduction in amplitude and delay of the mid-latency components, with relatively little effect on the brainstem response.
DOSE-CONCENTRATION EFFECTS
The relationship between dose rate and concentration of propofol was described as well by linear regression as by one with higher terms in infusion rate: Figure 3 shows the relationships between propofol concentration and two of the measured features of the AER. The relationship with Na latency was almost linear, whereas that for Nb was non-linear. There was an apparent ceiling effect at approximately 70-80 ms which was reached normally at propofol concentrations greater than 6 g ml
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. Higher concentrations attenuated the responses to an extent that made Nb latency difficult to judge. This also occurred with four AER recorded at propofol concentrations less than 6 g ml relationships for the other features that were extracted are summarized in table 2 as quadratic equations in concentration.
DOSE, CONCENTRATION AND ARE EFFECTS ON RESPONSIVENESS TO STIMULI
When offered all possible AER explanators together (conventional and composite features) the stepwise multiple regression process identified only Nb latency as a significant explanator of the occurrence of an eyelash response. If Nb latency was not offered, stepwise multiple logistic regression process identified several other AER features as partial alternative explanators. A similar process was carried out with propofol concentration and dose rates. In the corresponding analyses for the venepuncture response, Na latency itself gave as complete an explanation as the total set of offered AER explanators, although others also had partial explanatory effect that was overlapped by that of Nb. Table 3 summarizes the relationships between likelihood of suppressing eyelash or venepuncture responses and the values of various AER and non-AER features. The values for 50% and 95% probability of no response were estimated by probit analysis.
The logistic regression process produces values for sensitivity, specificity and correctness in discrimination that would be obtained if different probabilities (or the corresponding value of the explanator in a single explanator regression) were to be used as cutoff points for classification of response vs no response. For example, an Nb latency of 53 ms had a sensitivity of 100%, a specificity of 96% and a correctness of 98% as a discriminator of eyelash response. This is confirmed in figure 3 : if a horizontal line is placed at 53 ms, all eyelash responders are below it and 20 of 21 non-responders are above it. For concentration, the best discriminator, a vertical line placed at 2.9 g ml 91 shows all responders to the left but only 15 of the 21 non-responders to the right. Table 4 lists the threshold values of the seven best discriminators of eyelash and venepuncture responses, ranked in order of correctness, with the associated values of sensitivity and specificity in discriminating responders from non-responders.
Discussion
The conditions of the study were not typical of clinical anaesthesia, but the design allowed examination of the effects of propofol as a sole agent, without the confounding effects of surgery. The relationship between the infused dose rate and 30-min propofol concentrations was consistent with that found in our previous study on unstimulated EEG 10 which also indicated that 30 min was the minimum time needed for the stepped infusions to produce a stable neurophysiological state.
Great care was needed to obtain confident estimates of the AER. Awake, unpremedicated patients were often tense, despite all efforts to relax them. More than 50% of their AER were contaminated by time-locked muscle responses, such as the postauricular response. The remaining reliable awake AER had a fairly consistent waveform which was also similar to many awake AER recorded in subsidiary studies on volunteers. Much of the contamination (including, in all patients, the post-auricular response) disappeared during infusion of propofol, but could be replaced by other activities, such as in figure 1 , for which careful empirical analysis seemed the only solution. For applications of AER recording to on-line feedback of anaesthetic depth, methods of automating the editing process are needed, unless the contaminating activity can be removed directly, for example by some pharmacological adjuvant. Latencies and amplitudes of the various waves are accepted simple features with which to characterize the form of the AER, but there are alternatives 15 to our chosen method of measuring the amplitudes by reference to the preceding peak.
The concentration-related changes in the form of the AER, after 30 min of anaesthesia or sedation with propofol alone, were qualitatively similar to those found by others. However, complete suppression of the AER waveform required greater propofol concentrations than have been described previously. 8 9 This may be attributable to polypharmacy, different filtering of the EEG or pharmacodynamic instability in their studies. Although the brainstem wave V changed much less with propofol concentration than the later waves, we noticed some changes in its latency (table 2) , unlike in other reports. 7 8 In the absence of particular explanations, such as deafness or hysteria, failure to acknowledge or respond to verbal instructions is probably the simplest indicator of the threshold between consciousness and unconsciousness or anaesthesia. Verbal responses were tested in all patients, but concern about the possible distracting effects of the insert headphones led us to place more reliance on the analysis of eyelash reflex, which has very similar pharmacological and EEG correlates. 10 With a sensitivity of 100% and specificity of 96%, a threshold Nb latency of 53 ms discriminated between the presence and absence of an eyelash reflex better than any other simple feature and as well as any of the composite features. The scope for improvement seems small, although this may apply only to this particular set of data. For an EEG feature to be useful in clinical monitoring or feedback control, sensitivity in detecting awareness is probably more important than selectivity. False positives (arising from unselectivity) would result in an overdose of anaesthetic agent. This happens in daily anaesthetic practice without being particularly troublesome. In contrast, false negatives (arising from insensitivity to awareness) would leave some patients aware during surgery, a much more serious error. Other workers have also suggested that Nb latency is a useful discriminator 16 but with a threshold value of 44 ms, which would have had a sensitivity of only 43% (although a specificity of 100%) in detecting eyelash responders in our patients. In our work on the unstimulated EEG, 10 a median power frequency of 8.3 Hz had a sensitivity of 94% and specificity of 84%.
One might reasonably expect composite measures to provide better information on the overall form of the AER. The reciprocal of the difference between Na and Nb latencies is the basic low frequency component of the AER. It is related closely to the latency of Nb itself (which accounts for its high discriminating power (table 4) ). The awake value of approximately 40 Hz is also the steady state frequency of the awake AER. 17 If auditory stimuli are repeated at a fixed frequency of 40 Hz as sedative or anaesthetic drugs are given, the amplitude of the steady state AER is reduced, 18 presumably because the basic frequency no longer resonates with the stimulating frequency. If the stimulation frequency is changed to match the change in the basic frequency, the amplitude of the steady state AER can be better maintained and the frequency required to do so, "the coherent frequency", is yet another possible correlate of anaesthesia. 19 The first 20 and second 15 differential of the waveform have also been used empirically to describe the transient AER. None of our composite measures seemed to offer any advantage over the simpler Nb latency, although composite measures could be more robust in an automatic analysis environment, such as closed loop control. If any particular single or composite feature in the AER or EEG is to be proposed as a universal predictor of the risk of awareness, it is important that its value be constant in the face of variations. These include the pharmacopoedia to produce anaesthesia and the levels of arousal brought about by surgery or other noxious stimuli. This was not tested in our study.
Our study took approximately 90 s to collect the data for analysis. Although acceptable with stable blood concentrations, it is too long for periods when blood concentrations are changing rapidly. A faster method of obtaining estimates of the AER is needed.
AER features ranked more highly than dose and concentration of propofol as discriminators for the eyelash response. However, the opposite was true for the response to venepuncture (table 4). The observation that the brainstem wave V latency has some discriminatory value for the response to venepuncture accords with the evidence that responses to superficial pain (such as venepuncture) are mediated well below the cortical level. 21 With faster sampling of the EEG signal to resolve the first 10 ms more accurately, the discriminating potential of brainstem responses for pain could possibly be improved.
Better characterization of the AER correlates of different clinically observable responses may improve our understanding of the hierarchy of responsiveness that is challenged by anaesthesia. 
